In the modern world, noise pollution continues to be a major problem that impairs people's health, and road traffic is a primary contributor to noise emissions. This article describes an environmental impact study of the noise generated by the reconstruction of an urban section of a highway. Noise maps were calculated, and an environmental impact matrix was generated to determine the environmental impact of this reconstruction. The implementation of noise barriers was simulated based on these noise maps, and the effectiveness of the barriers was evaluated using Artificial Neural Networks (ANNs) combined with Design of Experiments (DoE). A functional variable significance analysis was then made for two parameters, namely, the coefficient of absorption of the barrier material and the barrier height. The aim was to determine the influence of these parameters on sound attenuation and on the formation of acoustic shadows. The results obtained from the ANNs and DoE were consistent in demonstrating that the absorption coefficient strongly influences the noise attenuation provided by noise barriers, while barrier height is correlated with the formation of larger areas of acoustic shadow. The environmental impact matrix also indicates that the existence of noise pollution has a negative effect on the environment, but that this impact can be reversed or minimized. The application of simulated noise barriers demonstrated that noise levels can be reduced to legally acceptable levels.
Introduction
The most important noise sources that affect the living environment of humans in modern society are railway traffic [1, 2] , airports [3, 4] , and industrial plants [5, 6] , as well as a new noise source, namely, wind turbines installed in non-urban areas, which has not been acoustically monitored but is considered highly annoying [7, 8] . Nevertheless, although road traffic is not the most annoying source of noise, it remains the most harmful and widespread source, which also leads to air pollution [9, 10] . As a consequence, urban dynamics strongly influences the modulation of the acoustic environment, where noise pollution is one of the most harmful pollutants resulting from these dynamics, particularly when noise assessment is not considered as an urban planning strategy [11] . The increase in noise pollution is directly linked to high rates of urban population growth and the resulting increase in noise sources, such as increased construction activities and demand for vehicles. Moreover, noise pollution is known to cause health problems for humans [12] , intruding upon their relaxation [13] , causing annoyance [14] , sleep disorders [15] , learning impairments [16] , hypertension and ischemic heart disease [17] , etc.
Materials and Methods

Environmental Noise Impact Assessment
Parameters for Measuring Traffic Noise
Located in southern Brazil, Curitiba-one of the country's oldest and largest cities-now has a population of more than 1.8 million. This growing population requires the constant expansion of the urban transport infrastructure through road construction works to adapt the urban space to its new dynamics.
In the traffic noise studies, two comparative parameters were adopted for the equivalent sound level, Leq. These were, at the national level, the Brazilian standard NBR-10151 [34] , which deals with neighborhood noise, and at the local level, Curitiba Municipal Law No. 10625 [35] , which specifies regulations on urban noise in the city. For a mixed-use area such as Curitiba's downtown neighborhood of residential and commercial establishments, the NBR-10151 standard, which evaluates noise in communities, recommends a daytime noise limit of Leq = 65 dB(A) measured at a distance of 2 m from building façades. In the surroundings of special buildings, such as "schools," the standard recommends a daytime noise limit of Leq = 55 dB(A). Table 1 describes the local regulatory limits of Curitiba City that were used in this work to benchmark the current noise levels. For the transition area of the BR-476 highway (SE-BR-476, urban stretch), Curitiba Municipal Law No. 10625 specifies a daytime noise emission limit of Leq = 65 dB(A) measured at a distance of 2 m from building façades. As for "Special Educational Zones" (SEZ), the aforementioned law establishes a daytime noise emission limit of Leq = 60 dB(A) measured 2 m from building façades, as shown in Table 1 for transition and special zones.
The Urban Stretch of Highway BR-476 as the Object of Study
The urban stretch of highway BR-476 which passes through the city of Curitiba, in the state of Paraná, Brazil fits the aforementioned context. This stretch is known as a "highway-major avenue" because it is an access route for arrival, departure and passage through the city, and of access to work and homes, since the areas along the sides of the aforementioned highway have been transformed into densely populated neighborhoods.
Due to the augmented flow of traffic on this stretch, a beltway encircling the city was built and began operating in September 2002. This led to a substantial reduction (13.53%) in the flow of heavy traffic in relation to the total flow of traffic along the stretch of road under study [36] . Table 2 depicts the situation of the stretch of road in question in terms of traffic and noise emission in the region before and after the construction of the aforementioned beltway. As can be seen in Table 1 , this stretch of road is noise polluted, according to the definition set forth in Municipal Law No. 10625 [35] . This law regulates noise immissions in the city, establishing a maximum equivalent sound level of 65 dB(A) for the daytime, in the proximities of educational buildings such as the one on this stretch of road. In order to integrate the road network of the zones adjacent to the urban stretch of highway BR-476, this stretch of the highway is to be transformed into a road corridor. This project includes the construction of bus shelters and a surface metro system.
In Situ Modeling
The portion of the highway selected for this study was a flat region without significant gradients. Vehicle traffic was mixed, consisting of motorcycles, light vehicles (cars and utilities), heavy vehicles (trucks and public transport buses). The surroundings of this stretch of the highway contains residential, educational and commercial establishments.
An area of evaluation was chosen within the region selected for analysis, called a "noise-sensitive area," i.e., an area with educational buildings, where the environmental noise impact assessments were conducted. After the site was chosen, computer simulations were done of the situations of implementation and operation of the highway remodeling project, taking into account all the aforementioned characteristics of the site, using SOUNDPLAN version 6.2 software (SoundPLAN GmbH, Etzwiesenberg, Germany) dedicated exclusively to this type of graphic analysis.
To properly model the real conditions and use them for the simulations with SOUNDPLAN software, the road traffic composition was stratified into cars, heavy vehicles (metropolitan buses, trucks) and light vehicles (motorcycles). Then, after calculating the traffic composition (expressed in percentage), a visual count of vehicles was made independently by two people standing on opposite sides of the road. Road traffic speed was measured by the speedometer of a car driven by two of the authors along this stretch of road, who recorded the average vehicle flow speed, while the other two authors measured the equivalent sound pressure levels in the area.
After this assessment of the study area, simulations were made and were validated by comparing the equivalent sound levels of the simulated noise map against the measured road traffic noise emissions. A calibration curve was plotted to compare these values, which were then evaluated based on Pearson's linear correlation. The results were considered validated when the difference between the measured and simulated values did not exceed ±4.6 dB, as recommended by [37] .
A traffic flow of 780 vehicles/h was considered, with 8.5% of the total flow corresponding to heavy vehicles, in the situations of both implementation and operation of the project. The speed considered for both heavy and light vehicles was 40 km/h during the project's implementation phase.
To determine the environmental impact, an assessment was made of the impact attributes, i.e., classification of the qualitative characteristics of the activity based on the calculated noise maps. Table 3 lists the attributes in question. The noise maps for the situation of operationalization were prepared considering the basic project for the Metropolitan Axis of Curitiba's Integrated Transport Network. This project includes: (1) the prioritization of public transport, with the implementation of express bus-only lanes; (2) frontage roads for the circulation of traffic between different neighborhoods of Curitiba and of metropolitan municipalities; (3) local access roads to reach neighboring activities; and (4) implementation and remodeling of bike paths and green areas. In the operation simulation, double-and triple-articulated buses were considered, passing through at 3-min intervals.
Design of Experiments
Design of Experiments (DoE) considers the linear effects of certain variables on the outputs of a given system. To this end, most of the significant factors that interfere in the simulated or measured response to a given condition of an experiment are statistically estimated [38] . In this work, therefore, DoE was employed to evaluate the effectiveness of noise barriers designed for the acoustic protection of an educational establishment impacted by high sound pressure levels. The controllable design variables of the noise barriers were the barrier height and the sound absorption coefficient of the barrier material.
The DoE used in this study was a 2 k full factorial design, i.e., with two controllable variables and with k = 2 levels. The levels were raised from the minimum (−1) to the maximum (1). The area of acoustic shadow, with an average level of 55 dB(A), and the sound attenuation calculated from the Transmission Loss (TL) [39] were considered responses and were defined as:
where is the sound pressure level in dB(A) at the receiver position and is the sound pressure level in dB(A) at the source position.
According to the ASTM C423-17 [40] , the absorption coefficient can be represented by the Noise Reduction Coefficient (NRC). The NRC is calculated as the simple average of the absorption coefficient at the frequencies of 250 Hz, 500 Hz, 1000 Hz, and 2000 Hz. Table 4 lists the materials used here: smooth bare concrete and smooth concrete covered with 30 mm rockwool acoustic insulation slabs, with their respective sound absorption coefficients. Based on a 2 2 factorial DoE, Table 5 shows the relationship between natural and coded levels, indicating the factors that are controllable during the design phase. The simulated responses were therefore based on combinations of these two controllable factors. The controllable coded factors were then arranged in tabular form, called a contrast matrix. This matrix corresponds to the arrangement of all possible combinations of the controllable coded factors between −1 and +1 with an added mean term (M). The output responses were the area of Acoustic Shadow (AS) and Transmission Loss (TL), as indicated in Table 6 . Table 6 . Setup of the contrast matrix for the whole system. Mathematically, the DoE estimated the effects of the controllable factors on the responses by subjecting the data listed in Table 5 to a multiple linear regression (MLR) [38] . The MLR was applied to each response individually. The significant effects of the input variables on the responses were calculated based on the values of the regressors, which are the β coefficients shown in Equation (2) .
In Equation (2) x represents the input of the contrast matrix shown in Table 5 , and ϵ is the estimation error. On the other hand, Equation (2) can be written in matrix form as y = Xβ + ϵ, thereby allowing the effects to be calculated analytically based on the Least Squares method, establishing the best set of possible regressors, which are calculated as: β = (XX ) y, the X refers to the matrix transposition operation, the operator (•) stands for the inverse matrix operation, and with the β calculated through, β = (XX ) y, using the Least Squares method generates the best possible estimations for the response variable, y when the β are coupled in Equation (2) [38] .
According to Montgomery [38] , the nominal effects are calculated as double the values of the regressors, which, in this case, are the β terms in Equation (2) However, in this work, it was considered the significance of the effects according to the values of the unweighted regressors. This was done to ensure the results would be aligned with those obtained by the neural networks methodology. The codes and computational implementations were performed using Matlab version R2016b software (MathWorks, Natick, MA, USA).
Artificial Neural Networks
As Haykin et al. [41] proved through the Universal Approximation Theorem [42] , Artificial Neural Networks (ANNs), or simply neural networks, are considered universal approximations of functions for structured or unstructured multivariate datasets. ANNs are used in a wide range of fields, such as clustering, prediction, fitting, forecasting, and modeling [43, 44] . ANNs learn and recognize the dynamics of a given system through the dichotomy of input-output pairing. With this, one can establish the heuristic of supervised machine learning based on error backpropagation, which is calculated as the difference between the output estimated by the network and the target value. By means of training algorithms, this error determines the direction and speed of learning. For in-depth details of neural network concepts, see Haykin et al. [41] and Russell et al. [45] .
In this work, the ANNs were implemented based on the Multilayer Perceptron (MLP) architecture, with a topology of one input layer, two hidden layers, and one output layer. Six topologies were trained for each response variable in order to avoid biased terms, as indicated in Table 7 . The input layer of the network contained three sensory neurons corresponding to the variables defined in the DoE, i.e., barrier height, the barrier's NRC, and the interaction between the two, which corresponds to the coded variables A, B and AB. The size of the ANN training topologies was chosen to perform the approximation with only one neuron in the output layer. In other words, for each of the y1 and y2 responses listed in Table 6 , a specialized neural network was trained with only 1 neuron in the output layer. Table 7 shows the configuration of the ANNs that were trained.
Due to the small number of samples available for ANN training, it was employed the heuristic for the training phase recommended by Hinton et al. [46] . The samples were therefore divided as follows: 90% of the samples were used for training and 10% for validation and testing, arranged in a cross-validation scheme using Matlab defaults. These samples were allocated randomly. The inputoutput pairs were subjected to bipolar normalization in a range of −1 to 1, enabling us to prevent possible scaling effects from masking the real factors of significance. This mapping, which was performed in the DoE and ANNs as a preprocessing phase prior to applying the MLR, is expressed by Equation (3):
In Equation (3) x represents the variable to be mapped between −1 and 1, the minimum and maximum values of x are, respectively, x and x , and y = −1 and = 1. The training stopping criteria were the normalized Mean Square Error (MSE) of 1 and −12, a maximum of 500 epochs, and a limit training time of 5 min.
The performance criteria used were the normalized Mean Square Error (MSE) and Pearson's linear correlation (R) between the estimated output and the target output. The MSE was calculated in the context of the ANNs as:
In Equation (4) the error is:
The subscript j indicates that this is the network's output layer. The error e was calculated as the difference between the real value of the network's output d (n), and the y (n) value estimated by the network, considering a total number of samples of N = 4. The level of Pearson's linear correlation (R) between d (n) and y (n) is:
and the components of Equation (6) are:
where the terms s and s are respectively the standard deviation for the output (d) and to the target (y). Equation (6) therefore tells us how aligned the estimated errors are in their variances. In this work, the level of correlation between the outputs was R 2 . This is the most important metric to be evaluated when comparing the performance of the ANNs and the DoE.
To obtain an optimized response for the various training sessions of the neural network, a mean equivalent neural network, (ANNeq)mean, was calculated for each topology. The following steps were carried out:
(i) 50 independent training sessions were performed for each topology shown in Table 7 In this work, it was employed the modified version of the Profile Method (PM) [47, 48] , hereinafter referred to as the Modified Profile Method (MPM), which was successfully applied by Nascimento and Oliveira [49] and by Nascimento et al. [50] . According to Lek et al. [47] , the original PM calculated the profile curves of each variable. A profile curve can be understood as a curve which contains the scale of the variable on the abscissa axis, i.e., the number of discrete points to which the input variable is segmented within its range, from its minimum to its maximum. Thus, the independent variable is calculated considering the average of five points applied at the output of the trained neural network. These points are the minimum value, the 1st, 2nd, and 3rd quartiles and the maximum value. As a function of the scale, the resulting curve is called the profile curve that corresponds to the input variable.
The MPM therefore calculates the significance of a given input variable of the ANN by subjecting the optimized profile curve to a linear regression. In addition, as explained earlier herein, six topologies, each trained 50 times, were considered, from which an optimized equivalent mean neural network, (ANNeq)mean, was derived. In contrast, the original PM calculates the significance based only on the maximum value of the profile curve for each input variable.
In order to make a proper graphical comparison of the performances and estimate the significance of the controllable factors, the results of the ANN and DoE regression coefficients were normalized to ANN-z and DoE-z. This normalized transformation of the data on the z-scale weighs the residual difference of the estimators based on their standard deviation, as shown in Equation (8) .
The standard deviation (S) for a random population is:
where P is the number of regressors, in this case corresponding to A, B and AB, which generates P = 4 in Equation (9), while x corresponds to the samples of the controllable factors, as indicated in Table 4 .
Results and Discussion
The results were divided into two steps: (i) comparison and evaluation of environmental impacts on Medianeira School in the following scenarios: current, implementation, and operationalization; and (ii) study of the evaluation of the significant effects of noise barrier designs applying the DoE and the ANNs.
Assessment Results
The noise maps generated by computer simulation for the various phases of the project, i.e., current, implementation, and operationalization, are shown below. The maps are presented sequentially, preceded by information about their main identified features. The classification of noise pollution was formulated for a mixed area of approximately 20 km 2 , according to Curitiba Municipal Law No. 10625 [35] and the Brazilian standard NBR-10151 [34] Noise Assessment in Communities, in terms of acceptable percentages: from 0% to 20%-clearly polluted; from 21% to 50%-partially polluted, from 51% to 70%-slightly polluted, and from 71% to 100%-ideal.
Current Situation
Noise levels in the surroundings of the highway of 74-76 dB(A). Existence of concentrated areas along the highway in the range of 76-78 dB(A) due to the reduction of the highway lane divider between main roads. Existence of a potentiated zone of 72-74 dB(A) between the main lanes of the highway due to the existence of an unpaved embankment dividing these lanes. Noise levels of 66-68 dB(A) at the facades of buildings situated along the road, and of 62-64 dB(A) at the facades of buildings situated further back from the road. Presence of an educational establishment with noise levels of 66-68 dB(A) at its main façade, Figure 1 . Most of this stretch of the highway is not in compliance with the legal requirements for acceptable daytime noise levels, as can be seen in Table 8 .
In the current situation, the noise levels already exceed the maximum permissible Leq of 65 dB(A). 
Implementation Phase
Most of this stretch of the highway is not in compliance with the legal requirements for acceptable daytime noise levels, as indicated in Table 9 . Continuous exposure to noise levels of this magnitude can give rise to psychological and physiological problems [12, 17] .
Operationalization Phase
For this phase, only the limit values for zones with buildings for special uses were considered, because after the project is completed, this urban stretch of highway will become a municipal road and will fit the category of a special educational zone (SEZ-Special Zones). Continuous noise levels in the range of 72-74 dB(A) are expected in the proximities of the urban avenue. Table 10 shows the levels of operationalization. The operationalization of the road urbanization project will intensify the existing noise pollution levels. Noise levels in the range of 68-70 dB(A) are expected at the facades of buildings along the avenue, and of 62-64 dB(A) at the facades of buildings further back from it. Noise levels in the range of 68-70 dB(A) were simulated at the front façade of an educational establishment, Figure 3 . This stretch of the highway is not in compliance with the legally permissible daytime noise levels, as indicated in Table 9 . Table 11 describes the Environmental Impact Matrices of the implementation and operationalization phases of the project in terms of measured and simulated noise levels. The results of the impact matrix indicate potentially reversible situations.
Environmental Impact Matrix
Significance Analysis of the Design of Noise Barriers-A Qualitative Approach
The area where the "educational establishment" is located receives road traffic noise from the highway that passes in front of it. For the simulations described below, a noise barrier was demarcated measuring 152 m at the front, 92 m on the right-hand side and 78 m on the left hand side. The barrier is marked off by the white line in Figure 4 . Figure 5 shows the calibration curve of the current situation. The measured and simulated noise levels showed a strong linear correlation of R 2 = 0.928. It should also be noted that the greatest absolute difference between the measured and simulated noise levels was 3.3 dB(A), which is in line with the condition that the difference should not exceed ±4.6 dB(A). Based on the validated simulations of the current condition (see Figure 5) , noise barriers were simulated in several conditions, by varying their height and the material of which they were made. Figure 6 shows the noise map of the current situation of noise immissions that reach the front facade of Medianeira School. Clearly visible are the high noise levels that reach the classrooms facing the highway, with sound levels ranging from 67 to 70 dB(A) or even higher, characterizing a situation of serious noise pollution, according to the attributes of the environmental impact matrix listed in Table 8 . In an attempt to reduce these high noise levels, acoustic simulations were made using noise barriers of different materials and heights. Thus, Figure 7a , for example, shows the noise map calculated for a 3 m high raw concrete noise barrier. As can be seen, the sound levels decrease from 70 dB(A) to 67 dB(A), to 64 dB(A), and so on until they reach 61 dB(A) at the front of the school. Another important point is that the size of the acoustic shadow-green color behind the school increased. With the 5 m high raw concrete noise barrier, the acoustic shadow, whose sound levels are lower than 55 dB(A), is much larger than without the presence of the barrier. Therefore, this noise reduction measure indicates that the problem is reversible, according to the attributes listed in Table 7 . However, despite the reduction in noise levels, they are still not in compliance with the 60 dB(A) limit established by municipal legislation nor the 55 dB(A) limit established by the Brazilian standard NBR 10151 [34] . The noise map in Figure 7b illustrates the acoustic situation simulated with a 5 m high raw concrete noise barrier. In this situation, the noise levels in the outermost parts of the school are already acceptable according to Curitiba municipal legislation, i.e., below 65 dB(A). The sound levels in this area range from 58 to 61 dB(A). Also note that the entire front facade of the school, further back, presents sound levels in the order of 55 to 58 dB(A)-yellow color.
Therefore, the municipal legislation is fully met, and it is proven that the noise problem pointed out in Table 8 is reversible. The reduction in noise levels was in the order of 70 dB(A) to 55 dB(A), i.e., a noise reduction of 15 dB(A) was achieved, satisfying the municipal legislation and the Brazilian standard for noise assessment in communities, as described in Table 4 . The noise limit established by municipal legislation for Special Educational Zones-SEZ is 60 dB(A) and that established by the Brazilian standard NBR 10151 for Educational Zones is 55 dB(A).
Significance Analysis of the Design of Noise Barriers-Quantitative Approach
The DoE and MPM methodologies were applied to reinforce the evaluation of the significance of the controllable factors in the noise barrier designs. Initially, the results were presented separately. Emphasis was placed on specific discussions to highlight the advantages of these new types of solutions for the optimum design of noise barriers aimed at mitigating the harmful effects of noise pollution.
3.6.1. Significance Analysis Using DoE Figure 6 illustrates the results of the acoustic mapping described by the factors listed in Table 5 . In the quantitative bias, Table 12 lists the values of the equivalent responses for each of the cases of the combinations established in the DoE and described in Table 6 . This enabled us to determine that, in general, factor B was correlated with the increase in TL, indicating that, in terms of acoustic protection, the ideal noise barrier designs are those with high noise reduction coefficients (NRC) and taller heights. To validate the estimates of significance of the effects on the linear models, the values of R 2 = 0.7454 and R 2 = 0.9621 were obtained for TL and AS, respectively. Table 13 describes the results achieved in training performance after the optimization proposed in section 2.5. Note that of the 50 topologies initially trained, only 31 were subjected to the MPM. Also note the lower (MSEeq)mean values after optimization than those of the networks without MSE optimization. Moreover, after optimization, the Pearson R 2 correlation levels (R 2 eq)mean were close to 1, whereas before the optimization the mean value was 0.73. The results shown in Table 13 and in Figure 9 therefore validate the use of the MPM.
Significance Analysis Using ANNs
Comparison of DoE and ANN
The regressors for each of the methodologies of the DoE and ANN are shown in Table 14 . This table shows, in condensed form, the comparisons of the regressors on the z-score scale. Based on Table 14 , it can be seen that, on the z-score scale, the errors for the estimated values applying the DoE and ANNs show minor deviations. The use of the z-score standardizes the results, since the qualitative result of the z-score enables estimates to be made without biased terms augmented by amplitude factors. Thus, one can see that, in general, the two methodologies produce concordant results insofar as they find that factors A and B are the most significant.
The relative dispersion of significance and comparison of the accuracy of estimated effects are plotted in Figure 10 . The regression line shows a high correlation, R 2 = 0.9995, obtained by the regression of DoE-z versus ANN-z. Thus, the points in the graphs of Figure 10 which are farthest away from the source correspond to the strongest impacts on the response. Figure 10b therefore clearly indicates that the significance of the coded interaction factor AB is low when compared to factors A and B, which is the same result as that obtained by the DoE. This finding is in agreement with the literature, as shown by Montgomery [38] , that the magnitude of the interaction effects are generally lower. From the mathematical standpoint, the results presented here are in full agreement with the literature, above all in that the amplitudes of the interaction factors are in line with the expected values [38] . On the other hand, an environmental analysis of the results highlights the following two factors. (i) Noise barrier height, in every case, is shown to be the most significant parameter, directly enhancing the mitigation of sound pressure levels in front of and behind the barrier. (ii) The absorption coefficients of noise barrier materials are particularly important, because they indicate whether the barrier will create acoustic scattering that tends more towards reflection or more towards sound absorption.
Conclusions
The results provided by the ANNs were in good agreement with those obtained by the DoE. The largest error found in the z-score for the estimators A, B, and AB, including the rankings for the two response variables TL and AS, was 7.72%. On the other hand, the correlations between the DoE-z and ANN-z significance of ranking for the TL and AS responses were, respectively, R 2 = 0.99887 and R 2 = 0.9877. Thus, for each response variable (TL and AS), the ANN-z and the DoE-z revealed the same ranking, i.e., in order of significance: B, A and AB for the response variable TL, and A, B, and AB for the response variable AS. Thus, the results conclusively indicated that the TL of an acoustic barrier is more strongly influenced by the absorption coefficient of the barrier than by its height, while the AS is more influenced by the height of the barrier than by its absorption coefficient. These results are extremely relevant, since the ANNs used here had not been taught the physics required to calculate sound absorption and sound attenuation. The results were thus obtained based on only the system's input and output data, indicating the independent linearity given by the non-parameterization of the variables. This method for significance testing using ANNs can be extrapolated to other areas of environmental acoustics and noise control.
The implementation and operationalization of the road urbanization project will intensify the existing noise pollution, resulting in a negative local environmental noise impact. The magnitude of this impact in terms of increased noise levels represents an unhealthy condition for the population living or working along this avenue or in its proximities. Therefore, in a region where the noise levels already exceed the legal limits, this increase is considered to pose a risk, requiring the immediate adoption of mitigating measures, which should be defined early in the project's design phase. It should also be kept in mind that this region includes a "sensitive" area, i.e., an "educational establishment," which must be protected against high noise levels.
The simulations clearly show that the noise pollution around the school can be reverted to comply with Curitiba municipal law, with sound levels below 60 dB(A), i.e., around 55 to 58 dB(A), according to the requirements of the environmental impact matrix described in Table 9 . With the adoption of the noise barrier depicted in Figure 8 , the requirements of the Brazilian standard NBR 10151, which limits noise levels in the surroundings of educational areas to 55 dB(A), were also satisfied. The analysis of significance was suitable for use in the design of noise barriers, serving as an interesting tool for designers to better focus their resources on the variables that actually determine the effectiveness of noise barriers. Funding: This research received no external funding.
